In the last century, a wide variety of methods for the production of spherical microspheres (MS) were discovered and tested. Considering that polymeric MS are widely used in industry, as well as in medical and pharmaceutical fields, researchers developed methods that directly produce a large number of homogeneous particles with near-complete conversion of the starting matrix materials. One of the most difficult factors to control for each new MS production method is its ability to produce MS with a minimal variation in size distribution. Such highly uniform particles, which are also termed 'monodisperse', are preferred as their behavior in both in vitro and in vivo systems can be predicted with high accuracy. Monodisperse polymeric MS are, therefore, used as standards for calibration purposes [1] or as packing material for high-performance liquid chromatography columns [2] . They are also preferred as medical drug carriers, as the pathways of inhaled or injected MS through the human body are largely determined by their size [3, 4] . Unwanted and toxic clogging of capillaries can thus be prevented, while on the other hand targeted embolization of tumor vessels is possible. Similarly, particle size determines the speed and profile of drug release from polymeric MS in a major way [5] . Smaller MS exhibit a higher surface-area-to-volume ratio with increased diffusion and/or (surface) degradation in the case of biodegradable MS, resulting in faster drug release compared with larger MS. In general, the more uniform the MS are, the more repeatable the drug incorporation during the production of the MS and the more reproducible the in vitro and in vivo release profiles are. The drug release in such uniform MS can be predicted precisely from the known surface area with respect to the volume and the welldefined diffusion distances and/or degradation speeds. Major challenges for researchers are, therefore, to both optimize the particle size and minimize the particle size distribution variation. Although a huge variety of published methods in the literature promise monodispersity, standards for the term 'monodispersity' are rare and a lack of common parameters makes it hard to estimate the quality of MS made by different methods. This review attempts to define a set of statistical parameters and provide a criterion for monodispersity. Furthermore, a classification of the methods to produce monodisperse MS is proposed, providing, in each case, examples and applications of the produced particles.
Review
In the last century, a wide variety of methods for the production of spherical microspheres (MS) were discovered and tested. Considering that polymeric MS are widely used in industry, as well as in medical and pharmaceutical fields, researchers developed methods that directly produce a large number of homogeneous particles with near-complete conversion of the starting matrix materials. One of the most difficult factors to control for each new MS production method is its ability to produce MS with a minimal variation in size distribution. Such highly uniform particles, which are also termed 'monodisperse', are preferred as their behavior in both in vitro and in vivo systems can be predicted with high accuracy. Monodisperse polymeric MS are, therefore, used as standards for calibration purposes [1] or as packing material for high-performance liquid chromatography columns [2] . They are also preferred as medical drug carriers, as the pathways of inhaled or injected MS through the human body are largely determined by their size [3, 4] . Unwanted and toxic clogging of capillaries can thus be prevented, while on the other hand targeted embolization of tumor vessels is possible. Similarly, particle size determines the speed and profile of drug release from polymeric MS in a major way [5] . Smaller MS exhibit a higher surface-area-to-volume ratio with increased diffusion and/or (surface) degradation in the case of biodegradable MS, resulting in faster drug release compared with larger MS. In general, the more uniform the MS are, the more repeatable the drug incorporation during the production of the MS and the more reproducible the in vitro and in vivo release profiles are. The drug release in such uniform MS can be predicted precisely from the known surface area with respect to the volume and the welldefined diffusion distances and/or degradation speeds. Major challenges for researchers are, therefore, to both optimize the particle size and minimize the particle size distribution variation. Although a huge variety of published methods in the literature promise monodispersity, standards for the term 'monodispersity' are rare and a lack of common parameters makes it hard to estimate the quality of MS made by different methods. This review attempts to define a set of statistical parameters and provide a criterion for monodispersity. Furthermore, a classification of the methods to produce monodisperse MS is proposed, providing, in each case, examples and applications of the produced particles.
Given the fact that there are good recent reviews available on the production of monodisperse polymeric [6] [7] [8] , metallic [9] and magnetic [10, 11] nanoparticles (NPs), this review is limited to monodisperse MS. The only time NPs are discussed is when a specific method can produce both MS and NPs and, therefore, their production is overlapping.
Statistical standards & rules
Size measurements & statistical treatise The first consideration in describing the size of a sample of particles is the selection of the For many applications, polymer microspheres (MS) should possess a monodisperse size distribution. With such uniformity they are able to deliver precise amounts of drug per MS, optimize the release kinetics of an encapsulated drug, obtain repeatable in vivo biodistributions to different organs and tissues, and obtain the maximum protection of (protein) drugs from degradation. This review classifies monodisperse polymer MS according to their methods of production and gives examples of the formation of uniform MS and their applications in the medical field. In the literature, the term 'monodisperse' is often used inaccurately, and this article attempts to rectify this by clearly defining monodispersity in terms of the coefficient of variation and the polydispersity index, the two statistical quantities most frequently used to describe the size distribution of MS.
future science group Review De La Vega, Elischer, Schneider & Häfeli appropriate parameter. Spherical particles are the only bodies that can be characterized by a single parameter (radius or diameter), while non-spherical particles have to be transformed into 'equivalent spheres' to obtain useful and reproducible results. Basically, equivalent spheres are particles with similar physical properties than spheres of a specific diameter [12] . However, this review only focuses on spherical particles, which means that the diameter can be directly measured. Although different methods for size characterization have been reported, the US National Institute of Standards and Technology (NIST) recommends the use of either of the following techniques: sieving, gravitational sedimentation, microscopybased methods and laser light diffraction [12] .
A statistical parameter widely used in size distribution ana lysis is the arithmetic mean diameter (D): where p and q are powers influencing D in a specific method of size measurement. For example, when the particles are counted under the microscope, p = 1 and q = 0, so a number-averaged D or arithmetic D (D 1,0 = D) is calculated. However, if the light scattering method is used, both p and q have different values (4 and 3, respectively) and a volumeweighted D (D 4, 3 ) is calculated instead [13] . Different moment-ratio systems are presented in tablE 1. The standard deviation (s) is used to describe how closely a particle size is grouped around the D value and it is calculated using Two useful ways to describe the size distribution of a sample of MS are the coefficient of variation (CV) and the polydispersity index (PDI). The CV, a normalized measure of the dispersion of a sample, is defined as the ratio of the s to the arithmetic mean, so that, in the case of particle size distributions, it becomes:
The PDI, on the other hand, is a concept widely used in polymer science to describe the distribution of molecular mass in a given polymer sample. It also has important applications in the ana lysis of particles, where the PDI is a measure of the size distribution of a sample of particles and is defined as the ratio of the volume-weighted D ( So far, no one has reported an equation relating the CV and the PDI. However, a relationship between these two statistical quantities will be useful to compare the results reported by different research groups, which usually express the size distribution of a sample of MS using either the CV or the PDI. As the CV depends only on the first two moments of the sample of particle diameters (Equation 3), whereas the PDI depends on the first, third and fourth moments of the sample of particle diameters, i.e., 
/
, the relationship between these two parameters could not be expected to be simple. For this reason, additional knowledge about the particle size distribution is necessary to relate them to each other. A simple way to do this is assuming a Gaussian distribution (also known as normal distribution). The Gaussian distribution is a continuous probability distribution that has a bell-shaped probability density function and is entirely determined by its first two moments or, equivalently, by the arithmetic mean and the s. Provided the distribution of the sample of particle diameters can be well approximated as Gaussian, one would expect to see the following relationship: FigurE 1a and could be used to change CV values into PDI values or vice versa.
The size distribution of a sample of particles can be presented in different ways. The simplest form is the histogram, where the single values are sorted according to their size and distributed into equidistant size intervals (DD i ) (FigurE 1b) . The graph approaches a continuous frequency distribution as the intervals become finer. Another possibility is the use of the cumulative frequency distribution F n (D), which can be described as:
where
A typical cumulative frequency distribution is shown in FigurE 1C . For every single particle with size D i , it displays the fraction of particles with smaller diameters. Furthermore, the cumulative distribution facilitates to read out directly the median (D 50 ) as F n (D 50 ) = 0.5 or calculate the percentage distribution between two specified values of D i .
Monodispersity criteria This review refers to reported methods for the production of monodisperse MS. A universal definition of monodispersity is provided by NIST: "a particle distribution may be considered monodisperse if at least 90% of the distribution lies within 5% of the average size" [14] . However, for actual applications the afore mentioned definition should be expressed in terms of the arithmetic D and CV. Assuming a sample of particle diameters is well approximated by a Gaussian distribution, the size distribution of the particles can be written as:
To find out the maximum CV value that still complies with the definition of monodispersity mentioned above, the Gaussian distribution must be standardized as follows:
The value of z for a probability of 90%, P(z) = 0.95 -0.05 = 0.9, can be found in any table for standard Gaussian distributions and is equal to 1.645. According to the definition of monodispersity, the permitted interval is 5% of D, so that:
Substituting Equation 4 into Equation 10, it can be concluded that:
Finally, according to Equation 11, a group of particles is monodisperse if their CV is smaller or equal than 3.04%, a monodispersity criterion that is consistent with the NIST definition. The PDI of monodisperse particles is, therefore, smaller than 1.003. Nevertheless, the Gaussian distribution is an ideal model, so for every single measurement, the shape of the size distribution histogram of the particles should be analyzed and discussed. For different shapes of the graph (e.g., log-normal distribution), different parameters and/or additional calculations have to be applied. Some groups have established the term 'quasi-monodisperse' for particles that have CV values below 16% [15] , which is equivalent to a PDI value of 1.077. However, no standardized criterion exists for such classification to date.
Number of counted particles for statistical relevance When a method that allows the direct measurement of the particle size is used, it is important to take into account the number of counted particles (n), which indicates the statistical relevance of the measurement. The following formula is provided by NIST to calculate the minimal value of n required for the assessment of a specific particles sample [12] :
with Here, d is the relative error, a is a non-zero exponential constant that defines the particle distribution, and c is a constant equal to c = b + a/2. b is the basis number for the particle distribution, which equals 0 when the distribution is expressed on a number basis and 3 when it is expressed on a mass basis [12] . However, the formula provided by NIST demands exact knowledge of various parameters and, at least for analyses by microscopy methods, leads to impracticably large numbers of particles being counted.
Monodisperse MS production methods
Currently, there is a wide variety of methods to produce monodisperse polymer MS. In a first step we attempt to sort them into a well-defined classification system. A useful way to start dividing them into groups is to consider the type of starting material used in the process: a system of monomers that requires a polymerization step or a solution of preformed polymer chains. Then, it is possible to analyze chemical, physical and geometrical parameters to continue the classification of all the existing methods. Finally, in all cases, it is necessary to harden the MS by extraction and evaporation of the solvent. The proposed classification is schematically shown in FigurE 2 . Nevertheless, it is important to keep in mind that some of the MS preparation methods could be grouped in more than one category. For this reason, several examples and applications are provided for each method throughout this review.
In the following sections, it will become evident that there are a lot of different polymers available to produce MS suitable for diagnostic and therapeutic applications. Major research has been focused on the use of biodegradable polymers, as the lack of biodegradability implies the requirement of eventual surgical removal [16] . The production of biodegradable and biocompatible MS is possible by using either natural polymers (e.g., alginate, chitosan and collagen) or synthetic polymers made from naturally occurring monomers (e.g., lactic and glycolic acids). Nonetheless, the utilization of natural polymers, like alginate, has to be analyzed because they can contain endotoxins and immuno genic proteins. For this reason, the synthetic, biodegradable and biocompatible poly(lactic acid) (PLA) and its copolymer poly(lactic-co-glycolic) acid (PLGA) have become the most popular polymers used for the production of MS [16] . In this review, however, Uniform polymer microspheres: monodispersity criteria, methods of formation & applications Review no comparison between the advantages or disadvantages of the different polymers used for the production of MS will be made. The discussion will only focus on the differences between the different methods to produce MS and the characteristics of the formed particles.
Monomer-based production of MS Common methods to produce polymer MS require initiating a chain growth within a pool of monomers. The polymerization is controlled by the choice of the appropriate medium (continuous phase), initiator, surfactant or stabilizer, and their respective concentrations. Moreover, process parameters such as temperature, pressure and stirring rates influence the formation of MS. Considering chemical and physical parameters, these methods can, in turn, be divided in two groups: one-and two-phase systems (FigurE 2 ).
One-phase systems
One-phase systems initially consist of a homogeneous solution of each of the components. Therefore, the monomers are contained in the same phase as the initiator and the polymerization reaction takes place in the surrounding medium. Referring to the characteristics of the solvent, these systems can be separated into two techniques: precipitation polymerization and dispersion polymerization. A summary of exemplary MS and NP produced using these techniques is presented in tablE 2.
Precipitation polymerization
This technique is a heterogeneous polymerization process that begins in a homogenous system, initially composed of the monomer and initiator dissolved in a dilute solution (< 5% w/v), also known as the continuous phase [17] . After the initiation of the polymerization reactions, the newly formed polymer becomes insoluble and precipitates from the continuous phase. The polymerization proceeds by adsorption of both the monomer and the initiator onto the particles and, thus, they start to flocculate [18] . Although it has been observed that this method mainly produces polydisperse particles, it is also possible to produce monodisperse MS [17, [19] [20] [21] [22] [23] . For example, Sambe et al. reported the formation of poly(methacrylic acid [MAA]-co-divinylbenzene [DVB]) MS with an average particle size of 3.56 µm and a CV of 2.5% [17] . In their study, they utilized MAA as a functional monomer and DVB as a crosslinker [17] . Bai et al. reported the production of monodisperse poly(DVB) (PDVB) MS [19] . This study showed that distillation of the solvent (acetonitrile) during the Review De La Vega, Elischer, Schneider & Häfeli polymerization increases the particle uniformity, while increasing initiator and monomer concentrations increases the particle size. Further more, increasing the degree of crosslinking was shown to increase both the uniformity and the size of the particles [19] .
Solvents play an important role in determining the morphology of the particles produced using this technique [22] . Although acetonitrile is one of the most frequently used solvents due to its miscibility in various solvents and monomers, it is also classified as a harmful substance for human health and the environment. Hence, it is important to start producing particles with better and less toxic solvents for biological applications. Recently, Jiang et al. reported the production of monodisperse crosslinked MS by precipitation polymerization of styrene (St) with pentaerythritol tetraacrylate using ethanol, which is a less toxic and more eco-friendly solvent [22] .
Dispersion polymerization
Dispersion polymerization is a variation of precipitation polymerization where polymerization of a monomer occurs in the presence of a polymeric stabilizer (dispersant) that is soluble in the reaction medium. The monomer, initiator and dispersant are soluble in the medium, while the polymer that forms during the reaction is insoluble (FigurE 3a) . Therefore, sterically stabilized polymer particles are formed by precipitation of the resulting polymers and this allows production of monodisperse polymer particles of 0.1-15 µm in diameter [24] . The main difference between precipitation and dispersion polymerization is the use of stabilizers in the reaction mix of the latter method. As a result, the particles generated by dispersion polymerization are smaller and their shape is more regular than those prepared by precipitation polymerization [25] . Recently, seeded dispersion polymerization has been exploited to produce irregular surface morphologies (i.e., popcorn-and raspberry-like [26, 27] ) or MS with a single pore of, on average, 250-300 nm in diameter [28] . These MS were additionally made by microwave heating, a quick and reliable method that is gaining popularity in the field of MS (and NP) synthesis.
The production of monodisperse MS by the dispersion polymerization method began in the 1970s and quickly became a success story for both non-magnetic and magnetic bead-based diagnostic companies such as Polysciences, Spherotech and Dynal (now Invitrogen). John Ugelstad was the scientist who pioneered the production of monosized MS by inventing the method of activated swelling [29] . Activated swelling opened up the production of different uniform particle types and formed the basis for new applications of polymer particles including their use in immunoassays and applications as size standards and chromatography support media.
Activated swelling is based on small seed particles that are activated and grow (swell) into monosized polymer particles upon the addition of monomers and their subsequent polymerization. Initially, a relatively hydrophobic monomer is emulsified in water by an oil-in-water emulsifier, followed by the addition of an initiator. Typical monomers used in emulsion polymerization include butadiene, St, acrylonitrile, acrylate ester and methacrylate ester monomers, vinyl acetate, and vinyl chloride, and mixtures of monomers. An extremely large oil-water interfacial area is generated as the particle nuclei form and grow in size with the progress of the polymerization Table 2 . Monodisperse microspheres and nanoparticles obtained in one-phase systems.
Method
Material Comments/applications Size/CV Ref.
Precipitation polymerization
Poly(MAA-co-DVB) Production of MS with applications as MIPs for (S)-nicotine 4 µm/2.5% [17] Poly(DVB) The particle size and uniformity of the MS can be controlled by multi-semibatch mode distillation 2.5 µm/~5% [19] Poly(St-co-PETEA) Use of a less toxic and more eco-friendly solvent to produce MS 0.65-0.90 µm/NA [22] Dispersion polymerization Polystyrene Generation of polymer MS with chloromethyl groups 2.1 µm/~3% [31] Polystyrene Production of MS with silica shells and magnetic coatings with Fe 3 O 4 2.3 µm/~5% [32] Poly(MAA-co-CUA) The crosslinker CUA is excellent for maintaining the monodispersity of PMMA microparticles even at moderate crosslinker concentrations (up to ~5 wt%) 3.4 µm/2.7% [33] Poly-St Production of MS utilizing microwave irradiation 301.5 nm/NA [101] and are very well reviewed by Chem [30] .
Working with the aforementioned activated swelling method, Ugelstad further developed the synthesis of monodisperse latex particles that are magnetic. Such magnetic particles are now used extensively for biological separation applications [102] . Their production can be accomplished in two ways. Compact or porous polymer particles are treated with a solution of iron salts that penetrate into the particles. Iron hydroxide is then precipitated by raising the pH value, yielding superparamagnetic particles. Alternatively, the iron salts can be introduced earlier, specifically during the last step of activated swelling when the Z compound is added. The ratio between the di-and tri-valent ions in the iron salts determines whether hematite or magnetite is formed.
Optimal composition of the medium (water/ ethanol), as well as the concentrations of monomer, initiator (2,2´-azobisisobutyronitrile) and stabilizer poly(acrylic acid), were later studied by Okubo et al. to produce monodisperse poly-St MS with a size of 2.1 µm and a CV of 3% [31] . Bamnolker et al. reported quasi monodisperse results (CV = 5%) for hybrid MS of a poly-St core with different functional shells [32] . After producing MS with a D of 2.3 µm, different coatings with NPs were achieved by seeded polymerization. That method allowed the formation of both silica shells and magnetic coatings with iron oxide (Fe 3 O 4 ) [32] . Finally, monodisperse poly(methyl methacrylate) MS with carboxylic urethane acrylate as a crosslinker were produced by Kim and Suh [33] . Influences of both the molecular weight and the concentration of the crosslinker on the polymerization rate were examined. Under an optimal carboxylic urethane acrylate concentration (up to 5% w/w with respect to the monomer), the group generated uniform MS with a size of 3.4 µm and a CV of 2.7%. At higher concentrations the group showed the generation of MS with a bimodal size distribution. Interestingly, even without the addition of carboxylic urethane acrylate the production of monodisperse MS was feasible [33] .
The formation of polymeric MS by dispersion polymerization could be optimized by heating the reaction with microwave irradiation [34] . Compared with conventional heating, this technique produces monodisperse MS at higher polymerization rates and shorter particle nucleation periods. Xu et al. found that the MS prepared with microwave irradiation were much smaller than those prepared with conventional heating, and the size distribution of the MS prepared with microwave irradiation was also narrower [34] . The particle size and the PDI were 301.5 nm and 1.002 for the particles produced by dispersion polymerization with microwave irradiation, while conventional heating resulted in a particle size of 469.2 nm and a PDI of 1.09, which means that they are no longer monodisperse [34] .
The combination of dispersion polymerization and droplet break-up in a co-flowing stream can be use to produce larger monodisperse particles; nonetheless, this is usually carried out using preformed polymers (see the 'Preformed polymer-based production of MS' section) [35] . Kim et al. used the monomer trimethylolpropane ethoxylate triacrylate, a photocurable resin, which was mixed with iron oxide and silica NPs and then photopolymerized after droplet formation [35] . By applying a magnetic field during the droplet formation process, they were able to concentrate the iron oxide NPs in the core of the newly produced 90-µm MS, whereas the silica NPs self-organized towards the surface of the particles. This specific arrangement led to the formation of Janus MS, which are characterized because they exhibit special surface characteristics. Such magnetic monodisperse MS can be remotely manipulated at much higher [35] .
Comparison of the precipitation & dispersion polymerization methods
As previously mentioned, a difference between precipitation and dispersion polymerization relies on the fact that the latter requires the use of a polymeric stabilizer to start the polymerization reaction and, under the same conditions, produces smaller MS [25] . Nonetheless, Macková and Horák have also demonstrated that MS with a substantially larger size than those produced by precipitation polymerization can be produced by dispersion polymerization by simply changing the polarity of the reaction medium [36] . First, they produced poly(N-isopropylacrylamide) (poly[NIPAAm]) MS crosslinked with N,N´-methylenebisacrylamide (MBAAm) by precipitation polymerization in an aqueous medium. Although it was observed that it is feasible to decrease the MS size from 1.0 to 0.2 µm by increasing the degree of crosslinking, highly monodisperse MS were only formed when the concentration of MBAAm was approximately 5% w/w (FigurE 3b) . Then, the group used exactly the same reaction conditions, except that poly(N-vinylpyrrolidone) (PVP) was added as a stabilizer, to produce MS by dispersion polymerization rather than by precipitation polymerization. It was observed that MS size decreased every time that the concentration of PVP was increased as a result of a decrease in surface energy, demonstrating that dispersion polymerization allows the production of smaller MS than precipitation polymerization. Finally, poly(NIPAAm) MS were prepared by dispersion polymerization in an organic medium composed of a toluene/heptane mixture using poly(hydrogenated isoprene-block-St) (Shellvis ® 50) and poly(St-block-hydrogenated butadiene-block-St) (Kraton ® G-1650) as stabilizers. As the concentration of stabilizer was varied, MS with sizes ranging from 1.0 to 2.0 µm were produced (FigurE 3C) , proving that the polarity of the solvent used as reaction medium plays a pivotal role in the particle size [36] . Although few studies have been reported evaluating the differences in the particle size of the MS produced by precipitation and dispersion polymerization when different reaction media are utilized, the relationship between the particle size and the stabilizer concentration during dispersion polymerization has also been noticed by Okubo et al. [31] and Xu et al. [34] .
Two-phase systems
Two-phase systems are formed by a monomer phase (i.e., the disperse phase) and a surrounding medium (i.e., the continuous phase), which are separated due to the immiscibility of the solvents that constituted each phase. The two possible ways to produce MS in two-phase systems are emulsion polymerization and mechanical droplet formation, which include the use of membranes and microfluidic devices. A summary of representative MS and NPs produced using these techniques is presented in tablE 3.
Emulsion polymerization
Emulsion polymerization is a well-known method for the formation of MS since the first half of the 20th century. In this technique, the monomers are initially dispersed in the continuous phase in the form of small, micrometer-sized droplets. Similarly, submicron-sized droplets can also be formed by mini-emulsion polymerization techniques, as reviewed by Crespy and Landfester [37] . In both cases (i.e., micron-and submicron-sized droplets), the main volume of the monomers (in the disperse phase) is separated from the specific sites where the polymerization reactions start (in the continuous phase). Nonetheless, as these reactions proceed, monomers start to either dissolve or form micelle structures in the continuous phase. Hence, once initiators are dissolved in the continuous phase, further polymerization reactions continue with free dissolved monomers or within micelles. These first particles, or nuclei, form the main loci for the further process of chain growth, in which more and more monomers are diffusing from the emulsified droplets to the sites of polymerization. Therefore, with shrinking monomer droplets the polymer particles are increasing in size and form NPs ranging from 50 to 300 nm [38] .
Although the process of particle growth by emulsion polymerization is typically stabilized by emulsifiers, monodispersity has also been reported for emulsifier-free polymerizations [39, 40] . Du and He presented an emulsifier-free polymerization reaction by stepwise addition of PVP as a stabilizer and potassium persulfate (KPS) as the initiator for a St polymerization [39] . They found that with increasing amounts of PVP in the continuous phase, the particle size and size distribution decreases. The same effect was observed when the KPS concentration was increased. Using optimal concentrations of PVP (7.43% w/w) and KPS (4.13% w/w), it was possible to produce NPs with D values of 245 and 271 nm and CV values of 2.7 and 0.8%, (FigurE 4) . Furthermore, the group not only achieved high monodispersity utilizing this method, but also controlled the particle size in a range from 200 to 1500 nm (0.8 < CV < 8.3%) by adjusting the PVP concentration [39] . Another group managed the encapsulation of magnetite (Fe 3 O 4 ) into poly(St-butyl acrylate-MAA) MS [40] . Their experimental setup was based on an emulsifier-free emulsion polymerization technique to produce monodisperse magnetic MS. The CV and the particle size were decreased to a minimum of 2.3% and 120 nm, respectively, by varying the concentration of the polar solvent (acetone) in the aqueous continuous phase as well as the concentration of the initiator (KPS) at a temperature of 70°C. Magnetite was dispersed in the continuous phase and encapsulated into the particles during the polymerization process. Experiments showed that different initial concentrations of magnetite influenced the size of the resulting MS [40] .
Mechanical droplet formation
The production of MS by precipitation, dispersion and emulsion polymerization usually requires a reaction chamber and a stirring mechanism, so the size and uniformity of the resulting particles depends, at least in part, on the right choice of those components. However, there are also methods based on forming monosized droplets out of a monomer solution before polymerization is initiated. For this reason, these methods are commonly known as controlled emulsification processes and they are distinguished because the geometric properties of the MS are not based on controlled chain growth, but on mechanical processes. The use of membranes [41] [42] [43] and microfluidic devices [44] [45] [46] [47] [48] [49] [50] are examples of mechanical droplet formation.
In 1994, Muramatsu et al. published the results of a series of experiments where a microporous glass membrane was used to emulsify an aqueous solution of piperazine monomers [41] . The aqueous monomer phase was pressurized Table 3 . Monodisperse microspheres and nanoparticles obtained in two-phase systems.
Method
Emulsion polymerization
Poly-St Control of the particle size is possible by adjusting the stabilizer (PVP) concentration 200-1500 nm/0.8-8.3% [39] Poly(St-BA-MAA) Preparation of magnetic particles with applications for the detection of hazardous materials 120 nm/2.3% [40] Mechanical droplet formation Albumin Preparation of albumin MS by passing an albumin solution through the micropores of a membrane and heating the resultant monodisperse emulsion 5 µm/NA [42] 1,6-hexanediol diacrylate (monomer)
Production of polymeric MS using a confluent microflow system and evaluation of the effect of the flow rates on the particle size and uniformity 30-120 µm/<2% [45] Poly(TPGDA), poly(DMOS), poly(DVB), poly(ethyleneglycol diacrylate) and poly(pentaerythritol triacrylate)
Extensive control over the size and shape of the particles. Useful quantities of particles (<10 8 particles/h) can be produced 20-200 µm/1.5% [47] Alginate Production of alginate hydrogels for the encapsulation of cells and proteins 60-95 µm/<2.5% [49] Silkworm cocoon silk Production of silk microspheres using a two-phase microfluidic flow focusing device with applications in drug delivery After adding an initiator into the emulsion, the polymerization started at the surface of the droplets, followed by hardening of the particles. This method showed a significantly better size distribution when compared with simple stirring of the same emulsion. The particle size (2-4 µm) was directly proportional to the pore size (0.52, 0.72 and 1.12 µm) [41] . In a later study, the same method was applied to encapsulate riboflavin into monodisperse albumin MS [42] . However, in this case, the particles were hardened by heat denaturation. More recently, chitosan MS incorporating lysozyme were also prepared successfully with glass membranes, using a 25% glutaraldehyde solution to crosslink the natural polymer [43] . The production of monodisperse MS by geometric means is thus very promising, in contrast to the emulsion polymerization technique. A recent development for the production of MS is the use of microfluidic technologies. Microfluidics encompasses both the study of the behavior and the precise control, manipulation and ana lysis of fluids that are geometrically constrained to a very small scale, often employing multiple tasks such as dispensing, mixing and/ or separation in a so-called 'lab on a chip'. It has applications in a diverse range of fields, including pharmaceuticals, life sciences, industry and research. Microfluidics also reduces the costs and streamlines the analyses of experimental data because it allows the use of small sample volumes. When two immiscible or partially miscible fluids are brought into contact in microfluidic devices, multiphase microfluidic flows are generated [44, 45] and can lead to the production of droplets and MS.
Nisisako et al. were one of the first groups that produced MS in a microfluidic device [45] . By varying the flow-rate ratio in a T-shaped microchannel (MC), they prepared monomer droplets that became polymer MS of different sizes (30-120 µm) by subsequent polymerization. They concluded that there are certain combinations of flow rates of the continuous and disperse phases that allow the production of monodisperse particles in a reproducible way (CV ≈ 2%), while other combinations do not lead to the formation of particles or just produce polydisperse particles as a result of a disordered droplet break-up. In addition, the group prepared larger bicolored monodisperse droplets (88-186 µm; CV < 1%) by first forming a two-color disperse-phase flow in a Y-junction and subsequently inducing a sheath flow in a microfluidic flow focusing design to generate the droplets. Both methods were shown to produce monodisperse MS, with the droplets being generated by shearing off at the intersection of a T-junction and by inducing a sheath flow [45] .
Flow focusing, a method that combines hydrodynamic forces with specific geometries, is probably the most versatile configuration at the micrometer scale, as it allows the precise control of particle size and reduces mechanical stresses [46] . Using this technique, Xu et al. produced microparticles of different shapes (FigurE 5b ) [47] . In the flow focusing method, an outer continuous phase coaxially shields the monomer solution or disperse phase ( FigurE 5C ). Since the orifice of Uniform polymer microspheres: monodispersity criteria, methods of formation & applications Review the microfluidic device has small dimensions compared with those of the channels, the viscous and interfacial tension forces lead to capillary instabilities that cause the break-up of the fluids into droplets when the disperse phase passes through the orifice ( FigurE 5C ). Depending on the specific flow rates utilized, diverse droplet generation regimes might be observed (FigurE 5D-g ) [48] . Among the different monomers tested for microdroplet formation using this method are trypropyleneglycol diacrylate, dimethacrylateoxypropyldimethyl-siloxane, DVB, ethyleneglycol diacrylate and pentaerythritol triacrylate. To start the polymerization after the droplet break-up, the group mixed the monomers with a photoinitiator in a wavy channel and the reaction was activated by UV radiation applied directly in the channel. The shape of the resulting particles was determined by the droplet volume and the geometry of the outlet channel, leading to rod or disk shapes when the volume of the droplets exceeds that of the largest sphere that could be accommodated in the channel. Rod-shaped particles were the result of using a rectangular outlet channel with cross-sectional dimensions smaller than the droplet generated, while disk-shaped particles were obtained by adjusting the flow rates to generate droplets with diameters larger than the outlet channel height. MS with sizes of 20-200 µm and a CV of 1.5% were reported using the aforementioned method [47] .
Natural polymers can also be used to produce monodisperse MS, as shown by Choi et al., who produced monodisperse hydrophilic alginate MS by separately injecting a sodium alginate solution (i.e., the monomer phase) and calcium chloride (i.e., the crosslinker) into the flow of an organic continuous phase (FigurE 6a ) [49] . Both sodium alginate and calcium chloride were present in aqueous solutions and merged at a common point of injection. During the injection, microfluidic parameters, such as the flow rates, the viscosity of the two phases and the interfacial tension, determined whether the aqueous disperse phase broke-up into separate droplets or not. Considering the operation conditions, three different regimes were observed: fluctuation, stable droplet formation or laminar flow pattern (FigurE 6b-D) . By using this setup the group was able to generate monodisperse MS between 60 and 95 µm (CV < 2.5%). The particle size was controlled with the velocity of the continuous phase and the interfacial tension that was manipulated with different surfactant concentrations. Furthermore, small serpentine channels after the droplet generation point allowed a geometrically induced mixing of the monomers and the crosslinker within the single drops. Hence, crosslinked alginate MS were generated and successfully used for the encapsulation of yeast cells into hydrophilic MS [49] .
Others showed the generation of silk particles (145-200 µm; CV = 2-6%) by two-phase flow focusing from reconstituted silkworm silk with potential applications for the pharmaceutical industry [50] .
Comparison of the emulsion polymerization & mechanical droplet formation methods
Although both the emulsion polymerization and mechanical droplet formation methods are able to produce monodisperse MS, as shown in this review, they differ in a number of ways. First, the final particle size produced by the two methods differs. In general, emulsion polymerization produces smaller particles, ranging in size from a few hundred nanometers to several micrometers, while mechanical droplet formation methods can produce MS from below 1 µm up to approximately 100 µm. This larger size range is produced using the same solvents, surfactants and materials, and is adjusted simply by a change of the monomer or preformed polymer concentrations in the disperse phase and/or a change in the droplet size, which can be obtained by altering flow velocities in the disperse and continuous phases [51] . Additionally, the final particle size in mechanical droplet formation Review De La Vega, Elischer, Schneider & Häfeli corresponds directly to the polymer concentration in the dispersed phase and the initial droplet size. In the emulsion polymerization method, final particle size cannot be easily predicted and depends on the surfactant and monomer concentrations, which determine initial micelle size and length of polymer chain growth. Another general difference between these methods is that emulsion polymerization is typically performed in batches, and batch-to-batch differences can be rather large and difficult to control, whereas mechanical droplet formation is generally performed in online systems. A final difference is that the production speed in mechanical droplet formation (drop-by-drop [51] ) is relatively small (typically a few milligrams/h), as compared with the emulsion polymerization method. This drawback could be overcome by massively parallel systems with hundreds of flow channels. A literature search, however, showed that, to date, such massively parallel systems have only been realized for the sensing of analytes (for example in the article by Ko et al. [52] ), but not yet for MS preparation.
Preformed polymer-based production of MS The previous section describes methods to produce monodisperse droplets from monomer solutions, therefore, all methods require an additional polymerization step. Nonetheless, it is also feasible to dissolve preformed polymers instead of monomers into the disperse phase. In this case, neither initiators nor other polymerizing measures are necessary. In addition, the preparation of MS in clinical quality is easier to accomplish without leftover impurities, such as initiators and monomers, thus minimizing chemical long-term instability and in vivo toxicities. After droplet formation, the solvent has to be removed from the polymer matrix and the continuous phase by extraction, evaporation or both. In order to achieve complete solvent removal, especially for clinical applications, the final step is often freeze-drying (lyophilization).
Traditional solvent extraction/evaporation methods produce CV values of well above 25%. For this reason, a remarkable number of designs can be found in the scientific literature that aim to control the particle formation process [53, 54] . The majority of the newer and successful designs are based on microfluidic systems. At this point, only a few of the systems produce polymeric MS, and the majority of those just form droplets for other applications. However, we believe that many of the setups are also promising for the formation of MS and are, therefore, included in this review. For clarity purposes, these designs can be divided into either single-or multi-channel systems (FigurE 2) . The following two sections describe in detail the most successful works performed in this field, and a complete summary is presented in tablE 4.
Single-channel systems
In single-channel systems, mechanical forces are used to break up single droplets from the polymeric disperse phase and the droplets then emerge from a nozzle or an orifice. Although single-channel systems exhibit a high control of the microfluidic regime at the site of droplet formation, the yield of produced MS is relatively small.
Flow focusing method
The flow focusing phenomenon (FigurE 5C), described in the 'Mechanical droplet formation' section, has strongly influenced the development of single-channel systems. Gañán-Calvo et al. utilized a combination of the flow focusing technology and the solvent extraction/evaporation technique for the production of poly-St MS [55] . The continuous phase was pressurized within a cylindrical chamber containing the disperse phase injector. The site of flow focusing and droplet break-up was exactly at the exit hole of the chamber. Poly-St MS with size ranging from 3.78 to 11.72 µm were produced by varying the flow rates of both the continuous and disperse phases. The CV was independent of the particle size and ranged from 8.01 to 12.87%, quite close to monodisperse. Furthermore, the group dissolved different concentrations of fluorescent dyes, fluorescein, Rhodamine B, and Nile Blue A in the disperse phase and showed the successful labeling of poly-St by fluorescent microscopy. Using flow cytometry, MS of different combinations and concentrations of fluorescent dyes could easily be distinguished. In a third step, the group used poly-St modified with carboxylic acid groups as the disperse phase to produce MS capable of binding biomolecules on their surface. Based on the flow cytometry results, the binding of the following fluorescently modified molecules was successfully tested: FITC-5´Gal1 low 3´-NH 2 , FITC conjugated anti-mouse IgG antibody, and green fluorescent protein. These results suggest that monosized fluorescent-labeled MS can be used in flow cytometry studies for detection and analysis [55] .
Recently, Häfeli et al. reported the formation of nearly monodisperse MS made from a blend future science group Uniform polymer microspheres: monodispersity criteria, methods of formation & applications Review of commercial PLA [56] , a polymer with a chelating end group [57] and a methoxy poly(ethylene glycol)-block-poly(caprolactone) diblock copolymer (PCL 10 -PEG) [58] . The production of MS was performed inside a flow focusing glass microchip (FigurE 7a) . Since the diameter of the orifice (40 µm) was small compared with the dimensions of the MC (200 µm), the pressure drop along the orifice was high, allowing a constant break-up of uniform droplets. The collected MS had a D of 9.0 µm with a CV of 4.4% (FigurE 7b) . The chelating end groups of the polymeric MS were able to strongly bind [ 99m Tc(CO 3 )] -, thus making the MS radioactive and imageable due to the g-emitting properties of 99m
Tc. An in vivo study with the radiolabeled MS showed that all MS were immediately trapped in the lungs after intravenous injection in a mouse blood stream. Particles of this size can, therefore, be used as excellent lung perfusion agents ( FigurE 7C ) [56] .
One problem with the preparation of MS using flow focusing is that it might not be possible to prepare a disperse phase that is stable in the continuous phase, especially when the polymer solutions used exhibit non-Newtonian flow characteristics. Abate et al. found a way of circumventing this problem by chaperoning the disperse phase with a sheath fluid, which allows even highly viscous or viscoelastic polymer solutions and/or low interfacial tension polymer melts to form droplets [59] .
Even larger MS can be made with similar and even simpler setups that do not require micro fluidic chambers, become clogged much less often and are truly coaxial [60] . Zhu et al. inserted a polytetrafluoroethylene tube with an inner diameter of 300 µm into a 1.6-mm inner diameter glass channel and decreased the outlet size of the polytetrafluoroethylene tube by inserting a glass capillary or a hollow polypropylene fiber, made on a spinning machine in their own laboratory, achieving an outlet hole of between 60 and 200 µm [60] . With this method, they were able to prepare truly monodisperse PLA MS between 312 and 680 µm when using an outer to inner flow ratio of between 15 and 50. Additionally, they were able to prepare magnetic and fluorescent MS by incorporation of magnetite or CdSe NPs [60] .
Single-channel systems coupled with external forces
A strategy commonly utilized to promote droplet break-up in single-channel systems is the application of external forces, such as piezoelectric [61, 62] , acoustic [62] [63] [64] [65] , gravitational and rotational [66] , vibration [67, 68] , and/or pneumatic [69] forces. [55] PLA -chelator Lung imaging with radiolabeled MS 9.00 ± 0.44 µm/4.9% [56] ZrO 2 Poly-St
The technique allows the production of MS uniform in volume and fluorescence or radioactive tracer ZrO 2 : 10 µm/NA Poly-St: 2-30 µm/1.5% [62] PLGA The apparatus utilized provides control of MS size and allows development of advanced controlled release delivery systems~5
-500 µm/~3% [63] PLGA Production of uniform polymer MS containing trace explosives 19.6 ± 0.5 µm/2.4% [68] Multichannel systems Hydrogenated fish oil (saturated triglycerides)
The MC emulsification technique is unique due to the mechanism of droplet formation by interfacial tension 21.7 µm/3.6% [70] Soybean oil The device utilized has the potential for producing monodisperse MS and it can also be used as a membrane filter 33 µm/1.5% [71] PLA Microencapsulation of lysozyme for therapeutic applications 8 µm/14.7% [72] PLGA (polymer) and haloperidol (drug)
Use of a XME technique to encapsulate drugs in polymeric MS 124 µm/NA [73] PLGA, PLLA, PLGA-PEG, PLGA-PCL, PMMA and PEG-PBT Use of silicon membranes with identical pores to produce monosized particles 1 -50 µm/~5% 
Piezoelectric forces are particularly important in on-demand inkjet printer heads, which are used for the formation of droplets that immediately turn into single particles. Radulescu et al. prepared 60 ± 1 µm monodisperse PLGA MS loaded with high concentrations of paclitaxel, an anticancer drug, using this type of system [61] . Similarly, Fulwyler et al. produced monodisperse MS by the action of a piezoelectric transducer in a glass device [62] . The continuous phase flows in a chamber within which there is a coaxial injection tube introducing the disperse phase into the continuous phase flow. The piezo electric transducer allows the application of acoustic waves between 2 and 20 kHz to enhance a steady break-up of the droplets. ZrO 2 MS of 10 µm were produced using a water-in-oil system (aqueous disperse phase). Furthermore, radioactive molecules ( 137 CsCl or 239 PuCl) were added to the solution to yield particles useful for radiobiological applications. Finally, by reversing the setup into an oil-in-water system (organic disperse phase), the group generated poly-St MS ranging from 2 to 30 µm with a minimum CV of 1.5% [62] .
Uniform PLGA MS were produced by Berkland et al., who separately utilized the flow focusing and the acoustic excitation techniques (FigurE 8a & b) [63] [64] [65] . Acoustic excitation of the droplets allows particle size control, as the group was able to control the MS diameter within an approximate range from one-to ten-times the orifice diameter. By coupling both techniques, the group reduced the inherent disadvantages of each method and decreased the minimum particle diameter to 5 µm ( FigurE 8C) . Additionally, the model drug rhodamine was successfully encapsulated by co-dissolving the free base form of the drug in the disperse phase [63] . In later studies, the setup was expanded by introducing an additional coaxial injector for the production of PLGA MS with a surrounding layer of poly[(1,6-bis-carboxyphenoxy)hexane]. With this setup, the group successfully fabricated double-walled MS exhibiting precisely controllable size and shell thickness. The thickness of the shell was varied from 2 µm to tens of micro meters, with an overall MS diameter of 50 µm [64] . Finally, in their most recent study, the solid core of the MS was replaced with different liquids. The group produced uniform MS of controllable size (~100 µm) and shell thickness ( FigurE 8D ). Aqueous solutions of bovine serum and dextran, as well as silicone oil, were successfully encapsulated within a shell of PLGA [65] .
Another example of the use of external forces in single-channel systems was presented by Haeberle et al. [66] . In their work, the disperse phase jet was separated into individual droplets by applying artificially ultra-high gravity conditions using a rotating disc and low-cost Eppendorf tubes (FigurE 9a) . Above a minimum frequency threshold of rotation (n low ), the disperse phase emerged from the injector and disintegrated into droplets. The working range was limited by the maximum frequency threshold (n high ) where the disperse phase jet did not disintegrate anymore. Tc-labeled microspheres after intravenous injection into a mouse and uptake into the animal's lungs. Adapted with permission from [57] © American Chemical Society (2010).
future science group Uniform polymer microspheres: monodispersity criteria, methods of formation & applications Review flow rates, respectively) was determined only by the channel dimensions because the driving centrifugal force is exerted equally. The group was able to produce water-in-oil emulsions with droplets sizes from 200 to 400 µm with a CV below 2%. The group also encapsulated alginate into droplets and produced calcium-alginate particles with a size of 200 µm and a CV of 7% [66] . Hence, these steady flowing properties lead to monodisperse or quasimonodisperse results.
To increase the rate of droplet formation, vibrating nozzles have been used for a long time. When the frequency of vibration increases, the rate of droplet formation increases and the size of the droplets decreases [67, 68] . Using a setup with a vibrating capillary nozzle, Matsumoto et al. prehardened the falling droplets with a fine mist composed of a calcium chloride solution [67] . They proved that a prehardening step before the real hardening of the droplets, which usually includes solvent evaporation, solvent extraction, filtration and/or drying steps, prevents droplet breakage [67] . The encapsulation of explosives (cyclotrimethylenetrinitramine, pentaerythritol tetranitrate and trinitrotoluene) into polymer MS was carried out by Staymates by utilizing a vibrating coaxial precision particle fabrication nozzle [68] . These MS are very useful to test and calibrate trace explosive detection instruments because they have a long lifetime and their size is similar to that of the real explosive contaminants. The precision particle fabrication technique utilizes a coaxial nozzle to create precisely controlled liquid droplets from a 0.5% polyvinyl alcohol solution as the continuous phase and a PLGA/explosive solution in DCM or ethyl acetate as the disperse phase. The nozzle assembly was directly attached to the tip of a sonic probe controlled by a frequency generator, which generates periodic instabilities in the jet and breaks up the stream of the disperse phase into uniform droplets. By utilizing this technique the group generated MS of 19.6 ± 0.5 µm and a CV of 2.4% [68] .
Finally, a device that incorporates three compressed air inlets and pneumatic choppers that allow interruption of the disperse phase flow at defined frequencies, leading to the break-up of single droplets, was designed by Lin et al. (FigurE 9b ) [69] . The method was tested utilizing olive oil as the disperse phase and deionized water as the continuous phase. Triton™ X100 (SigmaAldrich, MO, USA), a surfactant, was added to the continuous phase. An emulsion constituted of droplets with a size of 200 µm and a CV of 3.75% was formed. The size of the droplets was controlled either by the sheath velocity (V 2 ) over the sample flow velocity(V 1 ) ratio (V 2 / V 1 ), or the frequency of the pneumatic choppers. The droplet size decreased from 120 to 6 µm when the sheath/sample flow ratio was increased from 2 to 20. The smallest particles (i.e., 6 µm) were produced at the highest used frequency, which was 13.84 Hz. This method was also successfully used with sodium-alginate-in-oil and collagen-in-oil systems [69] .
Multichannel systems
The major disadvantage of single-channel systems is that the production rate of particles is rather limited. For this reason, the use of different methods to produce large amounts of droplets in parallel using multichannel systems has recently garnered much attention by different groups.
Sugiura produced monodisperse solid lipid MS utilizing the temperature-controlled MC emulsification technique, which requires the use of a silicon MC plate [70] . Four terrace lines were fabricated on the MC plate and, along each terrace line, 150 channels were fabricated (FigurE 10a) . In the experiment, the disperse phase (oil) was pressurized and pumped through the channels into the continuous phase (water). Different channel geometries were tested and it was discovered that, in order to achieve a steady droplet formation pattern, every design needed to work within a specific range of pressure for the disperse phase. Furthermore, the applied pressure had to be above a threshold to provide a continuous flow through every channel. However, when the applied pressure exceeded an upper limit, the disperse phase flew continuously without breaking-up. After collecting and freeze-drying, the authors reported the production of MS with a D of 21.7 µm and a CV of 3.6% [70] .
Like the aforementioned group, Kobayashi and Nakajima utilized an emulsification technique to produce monodisperse emulsion droplets [71] . Using a silicon microchip with uniformly sized through-holes, they compared the influence of two different so-called straightthrough MC designs, one with circular sections and one with oblong sections (FigurE 10b) , on the droplet formation process. They found that only the straight-through MC with oblong sections allowed the production of monodisperse emulsion droplets with a size of 33 µm and a CV of 1.5%. It is also remarkable that increasing the pressure of the disperse phase did not modify the particle size. Finally, although a perpendicular flow of an aqueous continuous phase at the outlet of the straight-through MC was supposed to exert a shear force on the growing droplets, the final droplet size was not affected [71] .
Liu et al. generated almost monodisperse biodegradable PLA MS loaded with lysozyme by utilizing a double emulsion method (w 1 /o/w 2 ) [72] . The primary homogeneous emulsion (w 1 /o) was formed using a lysozyme solution as the internal aqueous phase (w 1 ) and dissolving PLA and a surfactant in a mixture DCM and toluene to form the oil phase (o). In a second step, the w 1 /o emulsion was pressurized and pumped through a glass membrane (Shirasu Porous Glass Membrane) with an average pore size of 5.25 µm into an external water phase (w 2 ). After solvent extraction and evaporation, the MS size was 8 µm with a CV of 14.7%. Although the size distribution obtained was only quasi-monodisperse, the authors noted that the traditional solvent evaporation method with the same fluids resulted in MS with a CV of 75.9%. The glass membrane technique thus presented a remarkable improvement. Furthermore, several parameters (oil-soluble emulsifier, molecular weight of PLA, additive in w 1 phase, NaCl concentration and pH Review De La Vega, Elischer, Schneider & Häfeli in w 2 phase) were optimized to determine their influence on the efficiency of lysozyme encapsulation. In this way, they achieved an encapsulation efficiency of 92.2%, which is much higher than the efficiency achieved using the traditional method (<50%) [72] .
More recently, Meyer et al. utilized a cross-flow membrane emulsification technique to produce monodisperse solid MS made of a hydrolyzable polymer loaded with haloperidol, a hydrophobic drug [73] . This method achieves high production rates due to the use of multiple orifices in one device. In cross-flow membrane emulsification, the droplets are formed at the membrane pore while being subjected to a transverse shear flow ( FigurE 10C ). During the break-up process, the drag force exerted by the continuous phase increases as the droplet grows larger. However, when the interfacial tension force can no longer hold onto the droplet, the release of the droplet takes place. In order to produce the MS, the group utilized a mixture of the solvent DCM, the polymer and the drug as the disperse phase and a 1% (w/v) polyvinyl alcohol (22 kDa; 88% hydrolyzed) solution as the continuous phase. The size of the particles was controlled with the continuous and disperse phase flow rates, which are directly proportional to the shear rate and the disperse phase velocity. They successfully produced MS with a D of 124 ± 2 µm and they concluded that cross-flow membrane emulsification is a robust technique that can be used to produce complex polymeric microparticles, as well as simple emulsion droplets [73] .
As hinted at above, the geometry of the holes is an important parameter in methods that use membranes to produce droplets and then MS. The company Nanomi (Oldenzaal, The Netherlands) obtained a patent on differently shaped membrane holes and specializes in the development of functional emulsions and MS [103] . They combine the advantage of both membrane emulsification and microfluidics to produce monodisperse particles. In their technique, known as microsieve™ emulsification, a fluid is dispersed into a second, immiscible fluid through a silicon membrane, which has millions of tiny pores that are of identical size and shape ( FigurE 10D ) and, thus, produce identically sized droplets. The microsieve emulsification technique allows the production of MS in the micrometer range (1-50 µm) with a CV of approximately 5% utilizing a wide range of polymers, such as PLGA, poly-l-lactide, PLGA-PEG, PLGApoly(caprolactone), poly(methyl methacrylate) and PEG-poly(butylene terephthalate) [103] .
Given the very rapid formation of droplets and the short distances required, this technique makes the encapsulation of proteins, peptides and poorly soluble drugs possible with high efficiency, promoting the use of MS for therapeutic applications [74] .
Conclusion & future perspective
MS are often falsely described as mono disperse in the literature, as in most cases their CV is above 3.04%. Hence, this review clearly defines the term monodispersity and clarifies its mathematical basis. The fact that there are not more articles about truly monodisperse MS also highlights that improvements in making monodisperse MS are still needed, especially in the field of preformed polymers. The preparation of monodisperse MS with reliable and high-throughput methods would be especially useful for medical applications.
Precisely engineered microdevices, such as the microsieve or microfluidic chips, provide an excellent start for the preparation of monodisperse MS. To improve the robustness, reliability and output of these microdevices, more basic research is needed in areas such as surface chemistry, composition of phase materials and interphase reactions. In particular, an improved understanding is needed of the complex interaction between the surfaces of the devices and the interfaces of the solvent phases formed during the MS preparation process. Such parameters become even more difficult to study as microdevice surface properties sometimes change during MS synthesis (making them a moving target). A possible first step to enhance and optimize the device geometries and surfaces is the use of improved computational fluid dynamics software to predict the size of the monosized MS formed in the devices. Advances in this field will provide a basis for making changes to the devices, especially regarding the geometry of the microdevices used and the utilization of appropiate surface coatings. More rationally chosen surfactants might also be needed, some of which will have to be synthesized specifically to fit the MS matrix material and the to-beencapsulated components, including drugs and proteins.
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Executive summary

Statistical standards & rules
The coefficient of variation (CV) and the polydispersity index (PDI) are frequently used to describe the size distribution of a sample of microspheres (MS). If a sample of particle diameters is well approximated to a Gaussian distribution, then PDI ≈ 1 + 3CV 2 for small CV values (≤0.3). Particles are considered monodisperse if their CV is ≤3.04% (PDI < 1.003) and quasi-monodisperse if their CV is <16% (PDI < 1.077).
Monodisperse MS production methods
Monomer-based production of MS: -Monomer-based methods for the production of MS can be divided into one-and two-phase systems.
-Polymer MS formed in one-phase systems are produced by either precipitation polymerization or dispersion polymerization. The main difference between these techniques is that the latter requires the addition of a polymeric stabilizer into the polymerization reaction and, also, allows the production of smaller MS. -Polymer MS formed in two-phase systems are produced either by preparing an emulsion in a reaction chamber with a stirring mechanism or by using of microfluidic techniques. Microfluidics has many advantages over the emulsion polymerization technique, including reduction of sample volumes, lower cost, faster analyses, increased resolution and sensitivity, and improved control over particle size and size distribution. Preformed polymer-based production of MS: -Preformed polymer-based methods for the production of MS consist of single-or multi-channel systems. These systems differ only with respect to their geometrical parameters. -Microfluidic methods for either single or multichannel systems are becoming increasingly common in the production of preformed polymer MS.
Conclusion & future perspective
With the help of microfluidic techniques, important advances in the production of polymer MS have been made in the last few years. Despite these advances, the production of monodisperse MS remains challenging and new techniques are needed to prepare MS in a more stable and narrowly controlled way. Additional basic research is needed to examine the surface and interfacial phenomena taking place in microdevices. This information can be used to improve microfluidics simulation software and to predict optimal surface characteristics and microfluidic channel geometries for the production of the desired monodisperse MS.
